Improvement of diagnostic methods for both power and distribution transformers is crucial considering the part they play in electrical networks as well as their cost. Transfer function based testing of transformers is one of the methods that has been introduced recently. This method enables the identification of winding deformations resulting from the short circuit currents and winding dislocations occurring during transportation, and can also be used to assess the state of electrical insulation. The methods of measurement of the transfer functions as well as the numerical simulations are aiming at determining the sensitivity of this method and to develop recognition criteria with regard to the type and range of the deformations. This paper presents a comparison of measurements and numerical simulation results of the transfer function performed on a medium-voltage transformer winding. A quantitative analysis of deformation detection and winding dislocation by means of the transfer function method is described.
Introduction
Transformers working in high-and medium-voltage electrical networks are exposed to the influence of various stresses under working conditions. As a result of ageing processes occurring during the lifetime of a transformer, the electrical and mechanical properties of the insulation materials change. Short circuit currents in transformers cause considerable electromagnetic forces.
In addition, the windings are also subjected to the influence of mechanical forces during transportation of transformers, which can lead to dislocation or deformation of windings. Under extremely harsh conditions mechanical forces can also cause damage to the windings or the electrical insulation. Transformer insulation systems which have been in operation for a long time are particularly susceptible to damage. As a consequence of ageing processes the mechanical endurance of paper insulation is considerably decreased. Periodic maintenance measurements are performed to monitor the condition a transformer. The most common measurements include: measurements of insulation resistance, chromatographic analysis of insulation oil, measurements of relaxation current, measurements of partial discharges and recovery voltage as well as measurements of winding resistance and temperature. The measurement results are used as the basis for the assessment of the state of both insulation and conduction of the transformer windings.
To check the dislocation of wires or the deformation of windings a method based on the measurements of leakage inductance taken at power frequency was developed many years ago. Local dislocations of wires result in small changes in the measured inductance. The condition of the windings is also checked using an internal inspection method. However, for that method it is necessary to perform complex and expensive disassembly of the transformer tank. For this reason other, non-invasive, methods of transformer investigation have been developed more recently in order to determine the deformation of transformer windings. In particular, a method based on the transformer transfer function (TF) is attracting more and more attention. This method was proposed in 1966 by Lech and Tymiński for identification of winding deformation [1] . Since then detailed analyses have been carried out in the UK [2] and USA [3, 4] to determine the range of applications and the criteria for assessment of the condition of the transformer. This method was later further developed in [5] [6] [7] [8] . The rapid development of digital measurement techniques has greatly contributed to a considerable increase in the sensitivity of the method, which enables its widespread use for transformer diagnostic purposes.
The transformer's transfer function waveforms are dependent on the construction of the windings. The shapes of the transfer function for different types of winding are different, but typical for a given type of winding. They contain a few maxima at resonance frequencies that are caused by series resonance between the capacitance and the leakage inductance of windings.
Investigations of transformer winding deformation by means of the transfer function method are based on the dependences between mechanical deformation of the windings and corresponding changes in their electrical parameters.
A change in the shape of a winding which is the result of dislocation of a wire, coil or the whole winding or of deformation of a winding causes a local change of capacitance and/or leakage inductance. These changes are next reflected in the shape of transfer function. The evaluation criteria based on the transfer function method are mainly comparative, and thus rely on the reference cases or take into account trends in the changes with time.
A block diagram illustrating transfer function based methodology is presented in figure 1 . It is essential to determine the dependences between the deformations of transformer windings and the changes of the transfer function. Much work has been carried out in this field, e.g. [9] [10] [11] [12] [13] , using both experimental methods and numerical simulations of the transfer function. This paper presents the results of measurement of the transfer function of a layer type winding of a medium-voltage transformer which was subjected to selected deformations. These measurements were used as the basis for the analysis of the feasibility of identification of winding deformations by means of the transfer function method. The numerical simulations were also performed to verify the dependences between the character and range of winding deformations and the corresponding changes of transfer function waveform and resonance frequencies.
Transfer function measurement method
The transfer functions of the transformer are defined as frequency dependences of the ratios of respective currents and voltages on the transformer terminals referred to the supply voltages.
Using the notation of currents and voltages shown in figure 2 , the transfer functions in the frequency domain might be expressed using following dependences [10] : 
where U i and U on are the supply and output voltages, I i and I on are the transformer input and output currents and f is frequency.
In the case when the current I and the voltage U refer to the same winding, the transfer function represents the winding admittance TF i ( f ) (equation (1)). The admittance of the winding in the frequency domain represents the resonance and antiresonances corresponding to poles and zeros of the transfer function. A change of either the shape of the windings or the dielectric properties of the insulation system is manifest by a corresponding change in internal capacitances, conductance and resistances and, as a consequence, by shifting the characteristic resonance frequencies of admittance. Dependences TF won ( f ) and TF oun ( f ) (equations (2) and (3)) determine respectively the current and voltage transfer functions. The transfer function may be determined in two ways. In the first method the values of the ratios represented by equations (1)- (3) are calculated from the recorded waveform of current or voltage in the transformer while supplying it with an impulse voltage with a very short rise time ( figure 3(a) ). This method requires a decomposition of the input signal and response into harmonic components using a fast Fourier transform [14, 15] .
For diagnostic purposes a low-voltage input signal in the range from 10 V up to few hundred volts is used. This methodology can also be applied on-line, during normal transformer operation, recording the response to lightning or switching voltage strokes. The voltage signal is measured using a high-voltage compensated divider and the current using a wide-band measuring transformer at the neutral end of the winding. However, this method requires recording with at least a 10 bit analogue-digital converter in order to minimize the quantization noise [8] .
The second method of transfer function evaluation, applied and presented in this paper, is based on voltages and currents measured when providing a sinusoidal supply voltage of a frequency that changes stepwise within a specified frequency band ( figure 3(b) ). The set-up for measuring the winding admittance is shown in figure 4 .
A low supply voltage with an amplitude of 10 V was used in the measurements, whereas the frequency was changed incrementally in 300 steps in the range from 0.1 kHz up to 5 MHz. The current in the transformer winding was measured by means of resistor R, that was connected in series to the winding. For measuring the transfer function we used a frequency response analyser (FRA) which was connected to the host computer using a GPIB-PCMCIA interface [16] . Dedicated software for measuring the transfer function has been developed and implemented in the LabView package by National Instruments. 
Numerical simulations of the transformer transfer function
In order to obtain the transfer function of the winding described by equation (1) (equivalent to the admittance of the winding) we used an equivalent circuit with lumped parameters of the transformer windings, which is presented in figure 5 . It was constructed by replacing part of the winding section with corresponding self-inductance and mutual inductance, capacitance to earth, longitudinal capacitance, insulation conductance and the resistance ( figure 5(b) ). It represents the winding w of one transformer phase, each of which is split into a number n of sections that are illustrated in figure 5(a) .
Dependences between nodal voltages and currents in inductance-resistance branches on the circuit presented in figure 5 represent the following equation system:
where U (t) is the vector of voltages to earth in the nodes, I (t) is the vector of currents in the inductanceresistance branches, C, G, R, L are matrices of capacitances, conductances, resistances and the matrix of self-inductance and mutual inductance between sections and T L is the connection matrix [17, 18] . The connection matrix T L is composed of elements with values −1 or 1. It is constructed according to the principle expressed in the following equations:
Capacitances C represent the capacitances to earth of the sections and the capacitances between the sections of the surrounding windings. They can be obtained from measurement or by computations carried out using the dependences presented in [19] .
Conductances G represent power losses in the insulation system between the winding and the core as well as between windings. Calculations can be made with the use of equations published in [2] , assuming a known value of the power loss coefficient tanδ of the insulation material. Resistances R of the winding sections are frequency dependent. Detailed calculations are presented in [21] .
When examining the transfer function at frequencies greater than 10 kHz, we can assume that the self-inductance and the mutual inductance between winding sections are frequency independent [20] . Calculations of section inductances can be carried out in the same way as for airborne coils.
The boundary conditions-which are determined by several factors, like earthing, the way the nodes are connected and the connection of an external voltage source u i (t)-are taken into account through appropriate transformations of the system of equations (4), (5) and may be defined as follows:
• In the case of node grounding: remove a row in equation (4) in the T t L and U (t) matrices, remove columns in the T L matrix and remove rows and columns in matrices C and G with their indices corresponding to the index of the grounded node.
• In the case where nodes are connected: add up respectively the rows and columns in matrix C and also the columns in matrix T L (rows in matrix T t L ) whose indices correspond to indices of connected nodes.
Connecting an external source of voltage u i (t) to node k, the unknown voltage u i (t) in the equation system (4)- (5) is replaced by the known function u(t). Then removed columns of matrices C, G and T L , denoted as C u , G u and T Lu -in a similar way to the case of node grounding-are transferred into the right-hand side of equation (4) . Column C u with the factor du i (t)/dt as well as columns G u and T Lu with factor u i (t) now become data [18] .
After transformation, the system of equations (4) and (5) has the following form:
where u i (t) is the external voltage source, C u and G u are vectors created from matrices C and G, consisting of appropriate capacitances and conductances between the node which is connected to the external voltage source u i (t) and neighbouring nodes and T Lu is the matrix which consists of the column of matrix T L , whose number corresponds to the number of the node which was connected to the external voltage source u i (t) [17, 18] .
In the equation system (7)-(8) matrices U, C, G, T L and T t
L along with C u , G u and T Lu do not contain rows and columns that were previously removed in order to meet boundary conditions.
Assuming the sinusoidal source voltage u i (t), one might express the equation system (7), (8) after application of the symbolic method and differentiation in the following way [23] :
which, in a simplified form, takes the following form:
After transformation equations (12) and (13) have the following form [16, 17] :
where Y, Y u and Z are matrices representing respectively the admittance and impedance of the system that are expressed using the following equations:
Equations (13) and (14) represent the vectors of voltages U to earth in the nodes and the currents I in the inductanceresistance branches of the equivalent winding circuits.
The experimental and calculated results of the transfer function of the deformed winding
The high-voltage winding of a medium-voltage transformer of 15/0.4 kV with a power rating of 0.16 MV A was used as the experimental object to investigate the deformation of windings using the transfer function. The layer type winding consists of seven single layers made from wire with a diameter of 3 mm. The height of the winding was equal to 240 mm, and the external diameter was 340 mm. The simplified cross section and the basic parameters of the winding are presented in figure 6 . The core of the transformer was replaced with a ferromagnetic cylindrical sheet with a thickness of 0.5 mm. When the source voltage frequency is above some kilohertz, then the ferromagnetic core has practically no influence on the winding inductance [22] .
The influence of dislocations and deformations of the winding on the transfer function waveform was investigated. The winding was shifted along the radius as well as along the axis of the core column. The deformations were modelled and caused by compressive forces applied perpendicularly to the outer surface of the winding from two opposite sides. distances s between the winding and the core (varying from 0.6 to 0 cm), show small shifts in amplitude. Decreasing the distance s results in an increase of the peak value at resonance. Simultaneously, one can notice the descending shift of resonance frequencies. Analysis of the presented experimental TF waveforms shows that it is possible to detect the dislocation of windings along the core radius with a resolution of 0.2 cm (about 0.75% of the internal diameter of the winding). The numerical simulations of the transfer function of the winding were made using Matlab 6.1 software. Each layer of the winding was divided into eight sections (n = 8; figure 5(a) ) and it was modelled as a separate winding (w = 7) connected to adjacent ones.
The aim of the calculations was to determine the correlation between the changes in the electrical parameters of the winding (taken into account in the equivalent circuit of the winding) caused by a deformation of the winding with corresponding changes of the transfer function. The recognition of the character of these dependences is crucial for identification of the deformation of windings based on a comparative analysis of the transfer function, both measured experimentally and calculated theoretically.
Based on the measurements of the winding parameters performed simultaneously with the deformation of the winding, one can conclude that the deformations are accompanied by the changes in capacitance between the s Figure 8 . The influence of shifting the winding along the column axis on parameters of the equivalent circuit. Numerical simulations of the transfer function were focused on changes of capacitances between the winding and the core occurring as a result of deformation of the winding (figure 8). The results of the numerical simulation of the transfer function of the winding shifted along the core radius are presented in figure 9 .
The influence of the displacement of the winding on the transfer function was modelled by capacitances between the winding and the core, appropriate to the dislocation of the winding. The results of the calculation show that the changes of the parameters of the model, relating to the corresponding changes of the parameters of the winding after the displacement of the winding to the core, comply with both the theoretically calculated transfer function and the experimental measurements ( figure 7) .
The experimental transfer functions recorded when the winding was being shifted along the core axis of the transformer are presented in figure 10 . The transfer function waveforms were measured in the selected positions of the winding, when the value of s changed from 0 to 3 cm. The character of the waveform shape does not change significantly, but the shift is visible particularly in the frequency range where the values of the transfer function are maximal. When the distance s ( figure 10 ) is decreasing, these values are dropping too. The measurements of capacitance between the winding and the core show that when the winding has been displaced by 1 cm (s = 0, 1, 2 and 3 cm) the values of these capacitances are decreased by 10.5 pF (from 352 to 341.5 pF). The remaining parameters of the winding are not changed ( figure 11 ). These changes were taken into account in the numerical simulations of the transfer functions. The theoretical transfer functions of the winding shifted along the core axis are presented in figure 12 . The character of the changes in the theoretical curves is similar to the changes in the experimental ones. The changes of the shape of the transfer function of the deformed winding subjected to compressive forces are shown in figure 13 . They also result from a decrease in the value of capacitance between the deformed winding and its core ( figure 14) .
The measurements show that when the diameter of the winding is decreased from 26.5 to 26.2 cm this capacitance grows by 13 pF (from 352 to 365 pF). For this reason the character of changes in the transfer function waveform presented in figure 13 (recorded for the selected steps of the deformation of the winding) and the character of changes in the displacement of the winding along the radius of the core ( figure 7) is the same.
Numerical simulations of the transfer function (figure 15) based on a modelled equivalent circuit of the squeezed winding ( figure 14) reproduce exactly the deformations performed on the real winding.
Conclusions
This paper discusses both experimental investigations and numerical simulations of the transfer function of a deformed winding performed on a medium-voltage transformer. The winding was exposed to compressive and displacive forces along the radius and along the axis of the core. Simultaneously with investigations of transfer function, measurements of capacitances as well as inductances of the winding were carried out. The main purpose of those investigations was to show relations and correlations between the character and range of winding deformations and the corresponding changes in the transfer function.
It was demonstrated that deformation and displacement of the winding in relation to the core have a significant effect on the transfer function waveform. These changes result mainly from changes of capacitance between the winding and the transformer core. The range and the character of these changes depend on the character of deformation or dislocation. This relationship confirms the possibility of identifying the deformation of windings by means of analysing changes in the shapes of their transfer function.
Both measurements and calculations confirm that the deformation of windings resulting from the activity of compressive forces and the displacement of a winding towards the core column increase the local maximum values of the transfer function of the winding. The same can be said for local resonance frequencies that are slightly decreasing. However, displacement of the winding along the column axis manifests itself in a decrease in the local maximum values of the transfer function.
